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Abstract 

In this paper we are going to introduce a new dynamical postu- 
late in Quantum Mechanics. This new principle is defined using path 
integrals over the set of normalized wave functions. We will show in 
a qualitative way that this postulate is equivalent to the Schrodinger 
equation and to the measurement postulates. Then we propose a 
new set of fundamental postulates for Quantum Mechanics. In this 
approach to Quantum Mechanics we separate the fundamental pos- 
tulates and the physical interpretation. The fundamental postulates 
are abstract mathematical principles. Their physical interpretation 
depend on the physical system under study. These postulates do not 
use the concepts of measurement device and observer. 
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1. Introduction 

In QTiantum Mechanics measurement devices play a very impor- 
tant role. They are essential for the physical interpretation of Quan- 
tum Mechanics. In fact, isolated physical systems without measure- 
ment devices have no physical meaning. In Quantum Mechanics the 
word probability means the probability of have some result if some 
measurement is performed. 

Moreover, physical systems are defined by solutions of the Schro- 
dinger equation whereas measurement devices are governed by their 
own postulates. There are two basic mathematical operations in 
Quantum Mechanics: the Schrodinger equation and the scalar prod- 
uct. The Schrodinger equation represents the reversible smooth tem- 
poral evolution of isolated physical systems. The scalar product is 
interpreted as the irreversible sudden collapse of physical states when 
a measurement is performed. 

Measurement devices are not mathematical abstract objects but 
they are real physical objects. Hence, why should exist different phys- 
ical laws for measurement devices and physical systems?. The pos- 
tulates of orthodox Quantum Mechanics are firmly anchored in the 
experimental results of the last century. But it is possible that these 
postulates are not fundamental. They may come from more funda- 
mental postulates that do not distinguish between physical systems 
and measurement devices. 

The main purpose of this paper is to look for new postulates that 
unify the Schrodinger equation and the measurement postulates. The 
main assumption of this paper is that physical systems and measure- 
ment devices are governed by the same physical laws. 

First of all we must show if the Schrodinger equation and the 
measurement postulates are independent postulates. Measurement 
devices are sets of atoms. Hence we can write the full Schrodinger 
equation of physical systems and measurement devices. Is the full 
Schrodinger equation equivalent to the measurement postulates? 

The answer to this question seem to be negative. But there is not 
a clear difference between physical systems and measurement devices. 
For instance, let us consider the physical system S that is observed 
by the measurement device Mi. Now, let us consider the measure- 
ment device M2 that observe both S and Mi. Then it is possible 
to apply the Schrodinger equation to S only. Or it is also possible 
to apply the Schrodinger equation to S and Mi. But it seems that 
we cannot apply the full Schrodinger equation to S, Mi and M2. In 
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other words sometimes measurement devices can be regarded as part 
of the physical system under study. But something must play the role 
of measurement device. In orthodox Quantum Mechanics physical 
systems without measurement devices have no sense [1]. 

Actually, if we try to describe the behaviour of measurement de- 
vices with the Schrodinger equation alone, we will find three important 
problems. 

First of all there is the problem of the classical limit of the Schro- 
dinger equation. Measurement devices are classical objects. There- 
fore, if the Schrodinger equation must describe measurement devices 
then it must have a reasonable classical limit. The theorem of Ehren- 
fest[2] suggests that mean values of observables are the corresponding 
classical variables in the classical limit. But there are physical states 
that yield mean values without classical limit. For instance, the mean 
value of the electric field operator is zero in states with a fixed number 
of photons. On the other hand the Schrodinger equation is linear but 
the superposition principle does not hold in the classical limit. Hence, 
there are solutions of the Schrodinger equation that cannot define 
physical states in the classical limit. Hence the Schrodinger equation 
have a reasonable classical limit if truncate the set of its solutions. 

The second problem is the collapse of the wave function. There are 
solutions of the full Schrodinger equation that do not collapse. For in- 
stance, let us consider the system S and the measurement devices Mj. 
Let us call H to the full Hamiltonian of S, {Mi} and their interactions. 
The eigenfunctions of the full hamiltonian H do not evolve and they 
cannot collapse. Hence we cannot give an orthodox interpretation to 
some solutions of the full Schrodinger equation. 

The third problem is that the Schrodinger equation is determin- 
istic. Hence the Schrodinger equation alone cannot yield the proba- 
bilistic interpretation of Quantum Mechanics. 

But the Schrodinger equation alone almost can yield the measure- 
ment postulates. For instance, in an old paper^ Mott studied the full 
Schrodinger equation of a particle interacting with a Wilson chamber. 
He found solutions that can be interpreted as tracks leaving by the 
particle. But the Schrodinger equation cannot explain why these are 
the only solutions observed in nature. Linear combination of these 
solutions are also solutions but they cannot represent any physical 
process. On the other hand the Schrodinger equation has been used 
in the study of macroscopic systems. But in these cases there are 
solutions of the Schrodinger equation that are non physical. These 
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solutions are forbidden at hand. Hence we only need some kind of 
principle that truncates the set of physical states. 

Despite the successes of orthodox Quantum Mechanics there has 
been several attempts to introduce new fundamental postulates. 

One of the first attempt was the pilot wave theory of de Broglie- 
Bohm[3]. In this theory particles are governed by deterministic phys- 
ical laws. The initial conditions are not known exactly. This is the 
origin of the probabilistic behaviour of Quantum Mechanics. 

The main problem of this theory is that it is unnatural that we 
cannot know exactly the initial conditions if the fundamental laws 
are deterministic. Actually this theory belongs to the set of theories 
called hidden variables theories. According to these theories there is 
some kind of deterministic laws underlying the probabilistic nature of 
Quantum Mechanics. Recently Gerard't Hooft has proposed a new 
theory of this kind [3]. 

But the main problem is not the probabilistic nature of the pos- 
tulates of orthodox Quantum Mechanics. The main problem is the 
difference between physical systems and measurement devices. In hid- 
den variables models we must distinguish between physical states that 
evolve in a deterministic way and initial conditions that are not given 
by an exact state. Initial conditions must be given by some kind of 
probability. This is very important because if the fundamental laws 
are deterministic and initial conditions are fixed then all is determined. 
But we need to explain the origin of probability distributions at the 
initial time. If we said that the observer do not know the exact initial 
state but it has an incomplete information then observers will play an 
essential role in these theories. 

More recently there has been several attempts^ to show that the 
Schrodinger equation of open systems can yield the orthodox postu- 
lates. 

In this approach one start from the full Schrodinger equation of the 
physical system, the measurement devices and the environment. The 
environment is described by an statistical mixtures of states. The main 
problem of this approach is that it does not work if the environment is 
described by a pure state. But the Schrodinger equation alone cannot 
yield restrictions over the set of physical states. 

The environment is given by a very large number of particles. 
Therefore in practical calculations it is very natural to make the as- 
sumption that it is defined by a statistical mixtures of states. But the 
problem is that this assumption does not arise from the Schrodinger 
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equation or other fundamental principle. It arise from our empiri- 
cal experience. If this assumption is transformed into a fundamental 
principle then physical systems and the environment obey different 
physical laws. 

The approach introduced by Ghirardi, Rimini and Weber [6] has at- 
tracted some attention. In this approach all physical systems, includ- 
ing measurement devices, evolve according to the Schrodinger equa- 
tion. But sometimes there is an spontaneous collapse. These collapses 
is not consequence of measurements processes but it holds with some 
probability for all physical systems. The problem is that energy is not 
conserved because these collapses do not arise from interactions with 
measurement devices. 

Let us consider the lineal combination 

^' = ^l-^^r2. (1) 

The Schrodinger equation cannot transform ([T|) into the temporal evo- 
lution of ^'i or ^'2- But the spontaneous collapse can do it with 
some probability. This probability is very small for microscopic sys- 
tem but it is large for macroscopic systems. Hence, decoherence holds 
for macroscopic systems in this formalism. 
Let 

{^i\H\^i) = El 

{<f2\H\^2) = E2. (2) 

If El and E2 are different, then the transformation of the lineal com- 
bination ([1]) do not conserve the energy. 

Therefore the spontaneous collapse that transform the linear com- 
bination ([T|) into one of its components can violate the conservation 
energy law. We can consider only that spontaneous collapses of the 
wave function transform the linear combination ([T|) into the statistical 
mixtures of its components. In this case energy, defined as a mean 
value of El and E2, is not conserved. But the violation of the energy 
conservation law is very small. Actually it is consistent with physical 
experiments. 

But now we have the problem of the interpretation of the statistical 
mixture of states. If we make the usual interpretation, the statistical 
mixture only means that the state is a pure state \I'i or \I'2 but we do 
not know it. Therefore in this case energy is not conserved. 
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All these approaches and orthodox Quantum Mechanics have in 
common that they introduce two different physical laws: The Schro- 
dinger equation and some other probabilistic postulate. There are two 
possibilities. It is possible that there are two different objects which 
obey different physical laws. Or it is possible that the two different 
physical laws work at different times. In this paper we are going 
to introduce a new dynamical principle that unify the Schrodinger 
equation and the measurement postulates. 
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2. 

The main purpose of this paper is to look for a new set of postulates 
without the concept of measurement device. The founders of Quantum 
Mechanics have established that physical interpretation must use the 
concepts of Classical Mechanics. But we cannot define physical states 
of quantum systems with classical variables. 

Measurement devices are classical objects. Measurement processes 
yield well defined classical variables. In orthodox Quantum Mechanics 
classical concepts are introduced through measurement devices. 

We are going to look for new fundamental postulates without the 
concept of measurement device. Hence physical interpretations cannot 
enter into the fundamental postulates. 

There are not contradictions between orthodox Quantum Mechan- 
ics and experimental results. Why should we reject the orthodox phys- 
ical interpretation of Quantum Mechanics?. 

The postulates of orthodox Quantum Mechanics can only be ap- 
plied to physical systems interacting with measurement devices. Hence, 
isolated microscopic systems have no sense. This is not important in 
practical applications. There are always measurement devices in every 
real experiment. 

But from a fundamental point of view we have the following prob- 
lem. There is nothing beyond measurement processes in the orthodox 
interpretation of Quantum Mechanics. 

Is there a real world beyond measurement processes?. This is a 
philosophical question and its answer is a matter of opinion. Some 
founders of Quantum Mechanics believed that Physic must describe 
only experiments. But today most physics believe that there is a real 
world that we try to understand. Superstring theories or Quantum 
Gravity theories have no sense if we do not believe in the existence of 
a real world beyond the experiment facts. 

In this paper we are going to start from a realistic philosophical 
point of view. Hence we must look for new postulates that can work 
for all physical systems. We must faced with two essential problems. 
Measurement devices enter into the fundamental postulates through 
the physical interpretation of the mathematical objects defined in or- 
thodox Quantum Mechanics. Hence we must separate the fundamen- 
tal laws and the physical interpretation. The fundamental laws will 
be mathematical abstract principles. The second problem is the unifi- 
cation of the smooth reversible evolution of the Schrodinger equation 
and the sudden irreversible collapse measurement processes into a sin- 



7 



gle dynamical principle. Hence the new principle cannot be given by 
a temporal evolution equation and time will not be a fundamental 
concept. 

We are going to introduce two postulates. A cinematic principle 
that tell us how to describe physical systems and a dynamical princi- 
ple. 

The first postulate is that physical states of N particles are defined 
by wave functions: 



The orthodox physical interpretation of wave functions uses the con- 
cept of measurement device. Hence wave functions have only sense for 
system interacting with measurement devices. 

In our approach wave functions are defined for all physical systems. 
But they are abstract mathematical objects. Only in some cases we 
can give a physical interpretation of wave functions. Hence the pa- 
rameters {ri} are mathematical abstract objects. In some cases these 
parameters can be interpreted as coordinates in some space. 

In orthodox Quantum Mechanics isolated microscopic systems have 
no sense. In this new approach these systems have sense. But they are 
described by wave functions that can not be interpreted in the usual 
way. 

Now we are going to introduce the dynamical postulate. We are go- 
ing to unify the Schrodinger equation and the measurement postulates 
into a single postulate. This postulate cannot be a partial differential 
equation. Sometimes for a fixed initial wave functions there must be 
several final wave functions. 

The second postulate will be the definition of the correlator 



In some cases the correlator (j4]) can be interpreted as a transition 
amplitude. But the correlator ^ is an abstract mathematical object 
at the fundamental level. 

Let us define ^ using the path integral approach 




(3) 




(4) 




(5) 



where the measure 




(6) 
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represents the sum over all wave functions 



«'(t;ri,---,r7v), (7) 

with boundary conditions 

^(t2) = ^'2(^2). (8) 

The wave functions ^'i and ^'2 are not arbitrary but they must verify 

N , N 



i=i 1=1 

1=1 1=1 
„ AT . N 

I Y[dh,^li^i = I l[d^ri%l^2, (9) 

i=l 1=1 

where H, P and L are the total hamiltonian, momentum and angular 
momentum operators. In this formalism ^ are mathematical abstract 
conditions. In some particular cases Q will be interpreted as the 
conservation of energy, momentum and angular momentum. 

The measure ^ is defined only over normalized wave functions. 
In other words 

N 

I l[d^r,\^{t;ri---,rN)\^ = 1 Vt. (10) 

i=l 

Let us define the measure dHD by: 



N 



t i=i I |V(t,ri • • ■ ,rN)\ J 

This is a symbolic expression. In order to define (jlip in a rigorous 
way we must discretize the continuum variables (t;{r,}). The path 
integral becomes a multiple Riemann integral. Then we perform the 
calculations and we perform the continuum limit. This is analogous 
to the definition of Path Integrals in Quantum Field Theories. 

In Quantum Mechanics path integrals can be defined rigorously. 
But in Quantum Field Theory the continuum limit can depend on the 
discretization method. 
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Discretized path integrals are analogous to partition functions in 
Statistical Mechanics. Near second order phase transitions the phys- 
ical behaviour does not depend on the discretization. Therefore the 
path integral ([5|) has sense if the corresponding statistical model has 
second order phase transitions. 

We are not going to perform explicit calculation but we are going 
to accept that the path integral ^ has sense and we are going to 
study the discrete version of ([5]). 

Let us define the weight of ([5]) by 



and H is the hamiltonian. Let us remark that we have introduced a 
new adimensional constant a. 

We have defined the mathematical objects ([4|). We have called 
them correlators. But they are mathematical abstract objects. They 
are not probability amplitudes or S-matrix elements or the usual cor- 
relators of Quantum Mechanics. Given a physical systems we must 
compute all correlators. Then we can make physical interpretations 
compatible with these results. 

The Schrodinger equation works very well for all non relativistic 
physical systems: microscopic and macroscopic. But for macroscopic 
systems there are solutions of the Schrodinger equation that are non 
physical. Hence we need to introduce some kind of truncation over 
the set of states. There are two possibilities: a cinematic principle or 
a dynamic principle. 

A cinematic principle truncates the set of states at the initial time. 
But the cinematic principle must work only for macroscopic systems. 
But it is difficult to define the concept of macroscopic system without 
taking into account its temporal evolution. Macroscopic systems are 
not just systems with a very large number of particles. The particles 
must interact between them. 

Therefore it seems more natural to introduce a dynamic principle 
that truncates the set of solutions of the Schrodinger equation at every 
time. In some alternatives to orthodox Quantum Mechanics there are 




N 



(12) 



where the operator O is given by 



O = -in— - H 



(13) 
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sums over solutions of the Schrodinger equation. For instance, in the 
open systems approach[5] we sum over the set of possible states of the 
environment. In other words we must sum over the set of solutions 
of the full Schrodinger equation. The contribution to the sums of 
some wave functions are very small. We can eliminate these wave 
functions. Therefore sums over wave functions can truncate the set 
of solutions. But in this approach we must sum over wave functions 
because observers cannot know the exact state of the environment. 

We need to have sums over wave functions because we need to 
compare wave functions and in some cases we need to eliminate some 
solution of the Schrodinger equation. But at the same time we do not 
want that observers enter into the postulates of the theory. Therefore 
sums over wave functions must be introduce into the fundamental 
postulates. Hence we define the correlators ([4]) as sums over wave 
functions. 

In Quantum Field Theory the second quantization of the Schro- 
dinger equation yields a path integral analogous to ([5]). Hence the 
limit 



is analogous to the classical limit. If a is small the leading contri- 
butions to the weight (jl2p are given by solutions of the Schrodinger 
equation 



The normalization condition ()10p is very natural in this formalism. 
Correlators are defined by sums over all wave functions. For solutions 
of the Schrodinger equation the weight ()12p is just one. But for no 
solutions of the Schrodinger equation with norm very small the weight 
is near one. We do not want that arbitrary wave functions with very 
small norms have roles similar to solutions of the Schrodinger equation. 
Hence we restrict the path integral to normalized wave functions. This 
condition (jlOp will play a very important role in the next section. 

In the next section we are going to study in a qualitative way the 
discrete version of the measure (jlip . We will study the mathematical 
object dS]) for macroscopic and for microscopic systems. We will show 
that ([5]) is equivalent to the Schrodinger equation for microscopic sys- 
tems. Whereas it is equivalent to the Schrodinger equation restricted 
to some subset of the set of states for macroscopic systems. 

In section four, we will study in a qualitative way the interaction 
between a microscopic system with a measurement device. The results 



a 







(14) 




(15) 
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of this section are analogous to the measurement postulates. 

In other words, in section three and four, we will show qualitative 
arguments that suggest that the new dynamical postulate ([5]) can unify 
the Schrodinger equation and the measurement postulates. 

The last section will be the conclusions. 
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3. 



The new dynamical principle introduced in the above section must 
be equivalent to the Schrodinger equation and to the measurement 
postulates. In orthodox Quantum Mechanics the Schrodinger equa- 
tion is also used to study macroscopic systems. Macroscopic solids 
are described by wave functions that are solutions of the Schrodinger 
equation. But only a subset of solutions can define physical states. 
Physical states must describe ions that are oscillating around fixed 
equilibrium positions. 

Let us call local wave functions to those wave functions whose 
range is a small subset of the configuration space R^^ . Hence macro- 
scopic systems must be defined by local wave functions. Spreading 
wave functions are called non local ^nl- 

The problem in orthodox Quantum Mechanics is that the Schro- 
dinger equation cannot transform a non local into a local wave function 
in a small interval of time. Therefore the Schrodinger equation alone 
cannot describe the physical behaviour of macroscopic systems. We 
need also some truncation over the set of physical states. 

In orthodox Quantum Mechanics we truncate the set of physical 
states at hand. We are going to show that this truncation arises 
from the new dynamical principle ([5]). But macroscopic systems are 
described by some subset of solutions of the Schrodinger equation. 
Therefore the new dynamical principle must be equivalent to the 
Schrodinger equation for macroscopic systems also. 

We have shown that if a is small then the leading contributions to 
the weight (jl2p are given by solutions of the Schrodinger equation. We 
are going to show now that the leading contributions to the measure 
dH) are given by local wave functions. 

Let us consider a physical system of one dimension with one par- 
ticle. This system is defined by wave functions like ^{t,x). Let us 
discretize the continuum variable x 



Xn = an n = 1, ■ ■ ■ , M. 
In this case the normalization condition (llOp becomes 



(16) 



M 




(17) 



n=l 



The measure (fTT]l is defined by 




(18) 
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Let us consider the homogeneous wave function "^/h . This function 
verify the following condition 



\'i'Hit,Xn)\ = A Vn. 
Hence the constant A must be 



A 



1 

oM' 



(19) 



(20) 



Therefore the contribution of "^h to the measure (|18p is proportional 
to 

lliaMf^ . (21) 

t 

The wave function is non local. 

Now let us consider the inhomogeneous wave function defined 

by 



Then A must be 



\^lit,xi) 
A = 



B 

^ Vn / 1. 



1 - aS2 



(22) 



(23) 



a{M-l)' 

In the continuum limit M goes to infinity and a goes to zero. The 
number B is very large such that aB'^ is near 1. Hence '^i represent 
a Dirac delta function around the point xi. Therefore is a local 
wave function. 

The contribution of the wave function ^ i to the measure (jlSp is 
proportional to 

' ,2 (1 - aB') 1 



n 



(a(M-l)) 



M-l 



The relation between contributions (1211) and (1241) is 



n 



B^ 1 - aB 



2^M-l 



{aM) 



M 



{a{M - 



M-l 



In the continuum limit 



M 



— > oo 

— > 

— > oo 

KaB"^ < 1. 



a 

j2 



(24) 



(25) 



(26) 



(27) 
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Hence ([25]) becomes 



n 



M 



M ( 



1 - aB"^ 



M-i ( M 



M - 1 



If M is very large then 



M 



M-l 



1 + 



1 



M-l 



e. 



,M-iy V M-l, 

Hence in the continuum limit (j28p becomes proportional to 

. A/-11 



n 2 



In the continuum limit aB^ is finite and 

< aS^ < 1. 
Then, in the continuum limit, 



m( l-aB"^ 



M-l 



« 1. 



(28) 



(29) 



(30) 



(31) 



(32) 



Therefore the contribution to the measure of the inhomogeneous wave 
function is greater than the contribution of the homogeneous wave 
function ^h- In general wave functions with very small amplitude in 
large regions of space yield the leading contribution to the measure 
because the factor 

T- (33) 

But wave functions cannot be identically zero because the normaliza- 
tion condition (jl7p . Hence the leading contributions to the measure 
(jlip are given by local wave functions. Now we are going to study 
more carefully the contribution to the full path integral ([5]). 

We are going to consider non local wave functions defined over 
all space that are solution of the Schrodinger equation and local wave 
functions ^I'^5 that are not solutions of the Schrodinger equation. The 
leading contribution to the weight are given the solutions of the Schro- 
dinger equation, like ^g, but the leading contribution to the measure 
are given by local wave functions like ^'jvs- 

Let us consider the set of homogeneous wave functions 



(34) 
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The wave function is a solution of the Schrodinger equation. Let 
us suppose that it is the homogeneous wave function defined in (fT9|) . 
The wave functions are small perturbations. 

Because the wave function is a solution of the Schrodinger 
equation, the weight (fT2]) is given by 



Weight [^] = exp 

Because 



rt2 ^ 



(35) 



^'h « v&f , (36) 
the measure (jlSp can be replaced by 

n n ^,4 - (37) 



t n=l 



|*f(i,a;„)| 



The wave function is some fixed wave function. Hence 

d(^f + M/'^) = d^'^. (38) 
Now we perform the following variable change 

^'h — > * (39) 

a 



The gaussian integration over will be proportional to 

t 

If is an homogeneous wave function, then the path integral ([5]) is 
proportional to 

\{{^f''{aMr'. (41) 
t 

Now let consider the set of wave functions 

^ = ^NS + ^'i- (42) 

Where is the inhomogeneous wave function (p2|) . Let us suppose 
that ^Tvs solution of the Schrodinger equation. Wave functions 

^'j are small perturbations around the fixed wave function ^'7^5- 
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Because is not solution of the Schrodinger equation, the 

weight is now given by 



Weight [*] = exp 



i rt2 ^ 



(43) 



Therefore we can replace the weight by 



Weight W exp ^ / TT (fri^'jO'^Ls + cc. 



(44) 



The measure is now given by 



M 



t 71=1 \ ^ NSy^-i^nj] 



(45) 



The weight (j44p depends on ^'j/a. Hence, we perform the variable 
change 

— > (46) 



a 



Hence the path integral is now proportional to 



n 



a 



M-l 



M 



-2 



Hence if a 



a<{l- aB' 



(47) 



(48) 



then the leading contribution to correlators @ are given by wave 
functions around solutions of the Schrodinger equation. 

Now we are going to study the meaning of a and the condition 
I8|) . Let us suppose that the probability amplitude 



\^{t-Yi,---,rN)\'d\i---d\N (49) 
has discrete values. In other words, let us suppose that 



n 



\^{t;r^,---,rN)\'d\i---d\N = j^ n = 0,---,K (50) 

where K is a very large integer. 

If K is very large then the discrete nature of the probability density 
has not experimental consequences. On the other hand, the smallest 
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non zero value of (1 — aB'^) is 1/K. Hence if a is less than then 
the leading contribution to correlator are given by solutions of the 
Schrodinger equation. 

Therefore the meaning of the adimensional constant a is the fol- 
lowing. It must be less than the amount of probability density that 
can be distinguished in modern experiments. Hence if a is small and 
there are not local solutions of the wave equation then the leading 
contributions to correlators are given by solutions of the Schrodinger 
equation and our approach is equivalent to the Schrodinger equation. 
But this is not true if there are local solutions of the Schrodinger 
equation. 

Now we are going to study the differences between microscopic 
and macroscopic systems. But first of all, we must define the concept 
of macroscopic system more carefully. Macroscopic systems are not 
just systems with a very large number of particles. If the particles 
are free, then the number of particles is not important. Macroscopic 
systems have solutions of the Schrodinger equation that evolve without 
dispersion. Or, in other words, the Schrodinger equation has solutions 
that are local wave functions. For microscopic systems solutions of the 
Schrodinger equation spread over all space. For microscopic systems 
solutions of the Schrodinger equation can be local only for short period 
of time. Hence we have shown that for microscopic systems the leading 
contributions to correlators are given by solutions of the Schrodinger 
equation. 

Let us consider a macroscopic system. Let us suppose that the 
initial wave function is non local. Hence the corresponding solution 
of the Schrodinger equation is non local. Let us suppose that the 
wave function defined in (jl9p is a solution of the Schrodinger 
equation. Hence the contribution of the set of wave functions around 
the homogeneous solution is proportional to (f^TI) . 

For macroscopic systems there are local solutions of the Schroding- 
er equation. But if the initial wave function is non local then the wave 
function is non local during its temporal evolution. But let us suppose 
that at the initial time the wave function collapse to some local wave 
function. This means that for a short time interval the wave function 
is not a solution of Schrodinger equation. Hence the contribution to 
correlators of this wave function is very small during a short period of 
time. But after the collapse the wave function is a local solution of the 
Schrodinger equation. Therefore after the collapse the contribution to 
correlators of this wave function is larger than the contribution of the 



18 



non local solution of the Schrodinger equation. 

Hence let us consider the following set of wave functions 



(51) 



where is the following fixed wave function. At the initial time 
is just ^'i(ti). In the time interval + At), "iff collapse very fast 

to some local wave function. In the interval (ti + At,t2), evolve 
according to the Schrodinger equation. 

Because the system is macroscopic "^f is a local solution of the 
Schrodinger equation between (ti + At,t2). Hence in the interval 
(ti,ti + At), wave functions ([M]) yield the leading contribution to 
correlators because is a solution of the Schrodinger equation. But 
in the interval (ti + At,t2), both and "^f are solutions but ^'f is 
local and is non local. 

Hence in the interval (ti + At,t2), wave functions (I5ip yield the 
leading contribution to correlators. Hence if t2 is large enough then the 
leading contribution to correlators are given by (I51|) for macroscopic 
systems. 

The physical interpretation of ^'f is very interesting. It represents 
a non local wave function at the initial time. It collapse very fast 
to some local wave function. It evolves after the collapse according 
to the Schrodinger equation. Hence non local solutions of the the 
Schrodinger equation are eliminated in macroscopic systems. 

Let us remark that in macroscopic systems the Schrodinger equa- 
tion also work. But we must perform a truncation on the set of 
physical states. In other approaches [5l [6] the Schrodinger equation 
is changed for macroscopic system. Our approach work in a similar 
way than orthodox Quantum Mechanics. But in orthodox Quantum 
Mechanics the truncation over the initial states is performed at hand. 
In our approach the initial collapse to local wave functions is a conse- 
quence of the fundamental postulates. 

In other approaches O [6] the initial collapse depends on some- 
thing present at the moment of collapse. For instance the number of 
particles [6j. In our approach the collapse seem to depend on something 
that holds in the future. For instance, let us consider the correlator 



for macroscopic systems. In this case the leading contributions to (j52p 
are given by solutions of the Schrodinger equation. We have shown 




(52) 
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that non local solutions of the Schrodinger equation yield the leading 
contribution to correlators in the interval + At) but local solu- 

tions yield the leading contribution in the interval (ti + At, ^2)- If time 
t2 is near ti then the leading contribution to correlators are also given 
by solutions of the Schrodinger equation without collapse. Hence, if 
after the initial collapse the system evolves without dispersion for a 
long time, then the initial collapse holds, otherwise there is not initial 
collapse. 

This seems a contradiction. The collapse depend on the future 
evolution of the wave function. But the fundamental principle @ 
that has replaced the Schrodinger equation, is not a temporal evolu- 
tion equation. Hence we do not need to use the concept of temporal 
evolution in our physical interpretation. 

The fundamental law ([5]) is an abstract mathematical principle. 
Correlators @ are not probability amplitudes between states defined 
at different times. We postulate that physical systems are defined by 
all correlators ^ computed for all wave functions and for all abstract 
parameters ti and t2. Hence the physical objects are only the correla- 
tors dlj) . But for some systems we can look for physical interpretations 
compatible with the usual concepts of orthodox Quantum Mechanics. 
But sometimes these physical interpretations are not possible. 

For microscopic systems the leading contribution to correlators are 
given by solutions of the Schrodinger equation (p4l) . Solutions of the 
Schrodinger equation are non local in these cases. Hence correlators 
([4]) are large if the wave functions ^'i(ti) and ^'2(^2) are connected by 
solutions of the Schrodinger equation. 

Let us remark that correlators are invariant under temporal inver- 
sion. 

i^iih) I ^2(^2)) = - (^'2(^2) I ^i(ti)) . (53) 
For microscopic systems this is not important because the Schrodinger 
equation is also invariant under temporal inversion. But for macro- 
scopic systems the initial collapse is an irreversible process. There is 
not contradiction but we cannot interpret ^'i and ^'2 as initial or final 
states. Let us call | L) to local wave functions and | NL) to non local 
wave functions. It is trivial that 

\{NLih)\L{t2))\ = \{Lit2)\NLih))\. (54) 

But this equality does not mean that the inverse process to collapse 
is possible. For macroscopic systems we have shown that 

\{NL{h)\L{t2))\ » \{NL{h)\NL{h))\ 
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\{NL{h) I NL{t2))\ « \{L{ti) I NL{t2))\ . 



(55) 



Let us suppose that ti is the initial time. Let us suppose that the state 
at ti is fixed and non local. The first equation of tell us that the 
larger correlators for the fixed initial state correspond to local final 
states. 

Let us suppose that t2 is the initial time. Let us suppose that the 
state at ^2 is fixed and non local. The second equation of (I55p tell 
us that the larger correlator for fixed initial state correspond to local 
final states. 

Let us consider the set of all correlators Now let us consider 
the subset of correlators where the wave function ^'i(ti) or ^'2(^2) is 
fixed. This fixed wave function can be interpreted as the initial wave 
function. Final wave functions are given by the large correlators. For 
microscopic systems there is only one final wave function given by the 
Schrodinger equation. But for macroscopic systems there are several 
final states. These states are local. Hence the same physical law ([5]) 
can describe irreversible and reversible processes. 

Even though we have used the name correlator and the symbol 
(I) for the object ([5]), the correlators defined in this paper are very 
different from the correlators in orthodox Quantum Mechanics. Let 
us consider a macroscopic system. Let us suppose that the initial 
state is ^i(ti). Let us suppose that ^2^ and ^2 ^^e two local wave 
functions. Let us suppose that the linear combination ^'^ + ^'^ is non 
local. Then we have shown that 



^l(tl) I ^t{t2)+^^{t2) 
^lih) I ^'^(t2)+^'f(t2) 



<< 
<< 



"fiih) I ^t{t2) 

^l(tl) I (i2) 



(56) 

Hence the correlator defined by ([5]) is not a scalar product. Actually 



^1 I + ^'f 



(57) 



This result is very important. In orthodox Quantum Mechanics we are 
very familiar with the superposition principle. Actually it is consid- 
ered a fundamental principle. The fundamental mathematical opera- 
tions in orthodox Quantum Mechanics are the Schrodinger equation 
and the scalar product. Both are linear. But for macroscopic systems 
the superposition principle does not work. Therefore it is very impor- 
tant that correlators defined in this paper are not necessarily linear 
objects. 
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We have shown that for macroscopic systems the correlators 



{^iih)\^2ih + At)) (58) 

and 

(^'l(tl)|^'2(t2)> (59) 

have no relation between them. The leading contribution to (|58p are 
given by solutions of the Schrodinger equation. But the leading contri- 
butions to (j59p are given by wave functions that collapse at the initial 
time to some local wave function. In general, given the correlators 

(^l(tl)|^2(t2)) 
(M/l(tl)|M/3(t3)) 

(60) 

with ti < ^2 < ^3) there is not relation between the physical interpre- 
tations of these correlators. In general ^'2(^2); is not an intermediate 
state between ^'i(ii) and ^'3(t3). They are two different correlators. 
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4. 

In this section we are going to study the interaction between a mi- 
croscopic system and a macroscopic system. In the above section we 
showed how the new dynamical principle ([5]) explains the behaviour 
of macroscopic systems. Now we are going to study the collapse of 
wave functions of microscopic systems when they interact with mea- 
surement devices. 

Let us consider an electron that interact with a Wilson chamber. 
This old problem was studied by Mott [7] . Mott studied the full Schro- 
dinger equation of the particle and the Wilson chamber. He showed 
that there are solutions of the full Schrodinger equation that describe 
excited particles of the Wilson chamber in a straight line. 

Hence there are solutions of the full Schrodinger equation that 
describe the tracks that the particle leave in the Wilson chamber. 
But orthodox Quantum Mechanics does not explain why these are the 
only possible solutions of the Schrodinger equation. 

We have shown in a qualitative way that if there are local solution 
of the Schrodinger equation then non local solutions collapse to these 
local wave functions. 

Let us consider a microscopic system interacting with a macro- 
scopic system. The total wave function is 

*(t;r;ri,---,r7v) (61) 

where the parameter r will be interpreted as the coordinate of the 
microscopic system. 

Let us suppose that the particle is far away from the macroscopic 
systems at the initial time to- Hence in to, there is not interaction be- 
tween the microscopic and the macroscopic systems. At ti the particle 
is near the macroscopic system. Hence from ti the interaction between 
the particle and the macroscopic system starts. Let us suppose that 
from ti there are local solutions of the Schrodinger equation. In other 
words, from ti the wave functions are defined around fixed positions 
of the variables {r; rj} 

Let us suppose that in the initial time to the wave function is 

l'o(to) = ^(to, r)^'(to, ri, • • • , rjv). (62) 
Now we are going to perform the calculation of correlators 

(^o(io) I ^'2(^2)) (63) 
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where t2 > ii- We are going to look for the wave functions ^'2(^2) 
that make the correlators as large as possible. 

We have shown in the above sections that the leading contributions 
to correlators (j63p are given by wave functions around some fixed wave 
function 

^ = ^ + 5^r, (64) 

where is very small and is a fixed wave function defined as 
follows. From to to ti, ^ is given by 



^{t) = ^{t,r)^it,ri,---,rN) 



(65) 



where ^{t,r) is a solution of the Schrodinger equation of the micro- 
scopic system without the macroscopic system. From ti to ti + At, the 
wave function collapse to some local solution of the full Schrodinger 
equation. From ti + At, the wave function evolve according to the full 
Schrodinger equation. 

The wave function ^ vary very fast between ti and ti + At. Hence 
between ti and ti + At, the weight can be replaced by 



exp 



ah 



/ dtj] d^Tid^^* i-ih—.^ 
Jt. t\ V dt 



(66) 



Now let us discretize the coordinates {r; rj} and the time. The 
correlators are proportional to 



N 



nnn 



i=l ri 



exp 



d'^*{ti + At; r; ri, • • • , rjv)d^(ti + At; r; ri, • • • , r^y) 
|^'(ti + At;r;ri,---,r7v)|^ 

N 

n E E + - + ^4 



ah 



i=l ri 



.(67) 



We have replaced partial derivatives by finite differences. At ti the 
wave function is defined over all space. But at ti + At, the wave func- 
tion is localized around some fixed positions {r*; rj, • • • , r^}. There- 
fore the correlators are proportional to 



exp 



ah 



d^*{ti + At; r*-rl,---, r%)d^{ti + At; r*; r|, • • • , r^) 
|^'(ti + At;r*;r|,---,r^)|^ 

**(ti; r*; r^, • • • , r^)^'(ti + At; r*; , • • • , r^) + c.c 



(68) 
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Because the wave functions are normalized 



|^'(ti + At;r*;rt,---,r^)|'< 1. 
Now let us perform the following variable change 



where 



a 



Now the condition (1691) becomes 



a 



(69) 

(70) 
(71) 

(72) 



But a is very small. Actually a is smaller than the amount of proba- 
bility density that can be detected in physical experiments. Hence 



a 



is very large and we can replace the condition (j72p by 



< oo. 



Hence the correlators are proportional to 



■ exp 



1§ 

n 



(73) 



(74) 



(75) 



The above integral is not well defined. But we have shown in a quali- 
tative way that the correlators are proportional to 



|M/(ti;r*;rt,...,r^).|2 



(76) 



On the other hand it is not important the values of the correlators 
but we are interested in the relationship between the correlators. 
We have studied in a qualitative way the set of correlators 



(^o(io) I ^2(^2)) 
for a fixed wave functions ^'(to) given by (j62p . 



(77) 
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Because the particle interact with a measurement device there are 
local solutions of the Schrodinger equation. Actually this can be the 
definition of measurement devices. 

The leading contributions to (j77p have the following physical inter- 
pretations. The wave function ^'(to) evolves according to the Schro- 
dinger equation until ti. At ti the wave function collapses to some 
local wave function centered around the coordinates (r*;{r*}). Prom 
ti to t2 the wave function evolves according to the full Schrodinger 
equation. 

There are several final wave functions ^'2(^2)- We have shown in 
a qualitative way that correlators are proportional to the probability 
density of the wave functions just before their collapse. The proba- 
bility is evaluated at the collapse point (r*; rj, • • • , r^) In other words 
correlators are proportional to 

|M/(ti;r*;rt,...,r|,).|2 (78) 

There is not interactions between the particle and the measurement 
device in the time interval (tQ,ti). Therefore the wave function at ti 
must be the product of a wave function that depends only on {ti;r*) 
and other wave function that depends on (ti; rj, • • • , r^). Hence cor- 
relators are proportional to 

\^{tr,r*).f (79) 

This is just the measurement postulate. 

In this approach the only mathematical operation that has sense 
is the correlator. Sometimes there are a few wave functions that yield 
the leading contributions to correlators. From these wave functions 
we can make some physical interpretations. 

In this section we have shown that the leading contributions are 
given by wave functions that evolve from to to ti, according to the 
Schrodinger equation, they collapse at ti and they leave a well defined 
track until t2- But if we compute 

{^o{to) I ^lih)) (80) 

the leading contribution is given by a wave function that do not col- 
lapse at ti. Hence there is not relation between correlators (j63p and 
()80p . There are not relationships between correlators defined at dif- 
ferent times. Hence physical interpretations of correlators at different 
times can be different. 
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Moreover we have shown that the correlator is not a scalar product. 
For instance, tracks on a Wilson chamber are defined by local wave 
functions. But linear combination of tracks are not defined by local 
wave functions. Hence we observe only well defined tracks in a Wilson 
chamber. 
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5. 

In this paper we have introduced a new fundamental principle ([5]) 
instead of the Schrodinger equation. We have showed in a qualitative 
way, that the new principle unify the Schrodinger equation and the 
measurement postulates. 

The main purpose of this paper is to look for new fundamental laws 
that do not distinguish between physical systems and measurement 
devices. The two postulates introduced in this paper do not use the 
concept of measurement device. 

This new approach has the following problems. The new dynamical 
law dS]) has been defined using the path integral approach. Unfortu- 
nately this kind of path integrals are well defined in some cases only. 
Actually we cannot know if these path integrals are well defined until 
we perform all the calculations. In this paper we have supposed that 
these path integrals are well defined and we have done qualitative ar- 
guments with the discrete version of these path integrals. Hence, the 
rigorous definition of ([5]) is an open problem. 

On the other hand, we have introduced a new adimensional cou- 
pling constant a. Moreover, the new law ([5]) is non relativistic. Hence, 
this new law cannot be a fundamental law. It must arise from a more 
fundamental law. This more fundamental law must be relativistic 
and it must have some dimensional coupling constant. Therefore, the 
meaning of a is also an open problem. 

We have studied the new principle in a qualitative way. We have 
considered microscopic systems, macroscopic systems an microscopic 
systems interacting with measurement devices. 

For microscopic systems, the new principle is equivalent to the 
Schrodinger equation. For macroscopic systems, the new principle is 
also equivalent to the Schrodinger equation. But in this case, the new 
principle truncates the set of physical states. For microscopic systems 
interacting with macroscopic systems, the new principle is equivalent 
to the measurement postulates. 

We have shown these results in a qualitative way. We do not have 
developed them too far. But they are very interesting. First of all, 
we have not need any additional postulate. There are not additional 
conditions over the initial states. 

The results do not arise from a particular model. They are con- 
sequences of the essential differences between microscopic and macro- 
scopic systems. For macroscopic systems, there are local solutions of 
the Schrodinger equation. For microscopic systems, all solutions of 
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the Schrodinger equation are non local. 

The approached showed in this paper is based on two fundamen- 
tal ideas. First of all, we have separated the fundamental physical 
laws and their physical interpretation. The second idea is that the 
fundamental law ([5]) is not an evolution temporal equation. 

In orthodox Quantum Mechanics the fundamental postulates in- 
clude the physical interpretation of the mathematical objects. Hence 
the concept of measurement device is present at the fundamental level. 
In this new approach the postulates are abstract mathematical prin- 
ciples. Physical interpretations are done a posteriori ant they depend 
on the particular physical system under study. 

The fundamental dynamic equation in orthodox Quantum Me- 
chanics is the Schrodinger equation. This is a temporal evolution 
equation. The new dynamic principle ([5]) is not a temporal evolution 
equation. In some cases we can interpret the correlators using single 
wave functions that evolve according to the Schrodinger equation. But 
time evolution is not a fundamental concept in this approach. 

In the famous paper of Einstein, Podolsky and Rossen [8], Quan- 
tum Mechanics is criticized by considering intermediate times between 
measurement. Bohr answered to these critics establishing that we can 
only done physical interpretation of full experiments: from the prepa- 
ration of the systems to their final interactions with measurement 
devices. But the Schrodinger equation defines all the intermediate 
states. But in order to make the physical interpretation of inter- 
mediate states we must perform intermediate measurement, in other 
words we must perform a different physical experiment. In orthodox 
Quantum Mechanics we can talk only about results of measurements. 
Waves functions between measurements have no sense. If we perform 
intermediate measurements we have a different experiment and its 
physical interpretation is also different. 

In our approach the only mathematical fundamental operation is 
the correlator 



Therefore the values of wave functions at intermediate times between 
to and t2 have no sense. Sometimes the leading contribution to corre- 
lators is given by one wave function. In this case we can talk about 
intermediate states. 

Now let us consider the correlator 




(81) 




(82) 
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where ti is an intermediate time between to and t2. Sometimes the 
leading contributions to both correlators (jSip and (j82p are given by the 
same wave function. Hence ^'i(ti) is the intermediate state between to 
and t2- But sometimes the leading contributions to both correlators 
are given by different wave functions. In these cases the physical 
interpretation of (j81|) and (|82p are different. 

Hence only correlators have sense. Wave functions at intermediate 
times have no sense. Correlators at different times are different objects 
with different physical interpretation. This approach is very similar 
to the answer of Bohr to [8] . But in this approach we do not use the 
concept of measurement device. 

In this approach time is not a fundamental concept. It is part of 
the physical interpretation of correlators. Let us remark that the new 
principle ([5]) unify the smooth reversible evolution of the Schrodinger 
equation and the sudden irreversible collapse of the wave function into 
a single postulate. Therefore it is natural that time plays a peculiar 
role in our approach. 

But if time is not a fundamental concept we must face with the 
introduction of relativity in this formalism. The new principle is anal- 
ogous to the second quantization of the Schrodinger equation. Hence 
in order to introduce relativistic principles is natural to go to third 
quantization. Our first postulate is non relativistic. The natural gen- 
eralization of the non relativistic wave functions 

*(i;ri,---,r^) (83) 

are functionals of fields 

$,...]. (84) 

But it is not clear the role of relativistic invariance in this approach. 
Perhaps Lorentz covariance is not a fundamental principle. Perhaps 
Lorentz covariance arises from more abstract mathematical principles. 

We have introduced only two postulates. We have no talk about 
operators. The definition of operator in orthodox Quantum Mechanics 
is related to the measurement postulates. Therefore we suppose that 
operators are not fundamental concepts. But they arise when we 
perform the physical interpretation. 
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